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Yield cof FPhotoneutrons from Uz35 Fission
Products in Heavy Kater

S. Bernstein, W. M. Prestomn, G. Woife, R, B, Slattery.

ABSTRACT

The half-lives and yields of the photonoutrona crested in hsaxy water
by UZ?’5 fission product gawma rays have besn messursd. Seven half-lives have
been found: 2.5 eec., 41.2 sec., 2.38 min., 7.7 min., 27,8 min., 1.65 hr.,
4.97 hr., #nd 53 hr. The shortest one and longest ons of these &re least rs-
lieble. Eiphtye«i'ive psrcent of the photonsutrons a?pea.r in the two shorteet
helf-lives, the 2.5 sec. componsut being three times as intense as tle 41 sec.
component. The itotal saturated activity of the photoneutrons for an infinite
“amount of heavy water was calculated from measurements with a 10" radius sphero
tc be ebout 16.6% of the saturated delayed neutron activity. The daia indicate
thatvthere must be of the order of twc gamma rays, of enorgy abovs 2.17 Mev,

emitted per fission by fission products with half-ljves longer thau dne sec.
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Yield of Photoneutrons from 0235 Fission
Products in Heavy fiater

S. Bernatein, w. M. Preston, G. Aolfe,
R, k. Slattery.

Introduction

In a pile consisting of uranium and heavy water, gamma rays of
energy greater than 2,17 Mev given off by the fission producta will
create neutrons in the heavy water by photo-disintegration of the deuteron.
These photoneutrons will have the same periods as the gamma rays which
create them. They will, therefore, mot in all respects like the delayed
neutrons themselves, and may exert an appreciable effect on the kinetic
behavior of the pile. In order to estimate the effeot of the photo-
neutrons upon pi‘la periods, their number as a function of time must be
known, as in the case of the delayed neutrons. The purpose of this ex-
periment was to measurs the number of photunsutrons created in heavy
water by U235 fission products as a function of the length of time after
bombardment. Since the photoneutrons are, for short times after bombard-
ment, l.oc-omptnied by delayed neutrons, the yields were measux"od relative
to those of the delayed neutrons. For this purpose, the yields of delayed
neutrons as given by Hughes, Dabbs and Cahn in CP-3094 were used. The re-=

sults of CP=3094 have bosn collected in Table I for convenience.
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Apparatus
A schematic diegram of the apparatus is shown in Fig, 1. It con-

sisted of a ten inch radius, 1/8 inch wall, aluminum sphere immersed in

« large tank of oil. A "uﬁbit" containing & sample of enriched uranium
oxide could be transferred from the center of the pile to the cemter of the
sphere in about 0.25 sec. by means of a pneumatic tube. The sphere could
be filled or emptied of heavy water in about one minuts by means of a
siphon arrangemsnt.

The neutron distribution in the oil was studied by means of fission
chambers, each containing about 64 mg of 90% enriched uranium. Fission
chambers were chosen in praference to BFy counters because of their greater
insensitivity to the large gamma ray "background” being emitted Wy the
sample. The ion chamber could be placed at chosen reproducible radial
positions in the tank by means of a track and carriage arrangement.

Since some of the periods involved are fractions of a sec.. it wes
necessary to keep the initial counting rates quite high in order to obtain
good statistios throughout the rum. To keep corrections for missed counts
low, the fastest most readily available amplifier was usad. A modified
Simpson proportional counter amplifier and scaling circuit were adapted
and found to have a resolving time of about 20 microseconds. This ro-
solving time was determined by exposing a sample of uranium first at high
pile power, then at low power, and plotting the ratio of the sctivition
as & function of time as described in CP-3094. All of the data were then
correoted for missed counts using this over-all experimentally determined

"resolving time".




o

Fission pulses from the smplifier were fﬁd into & scale of 256

The data was recorded by photographing the scaling-circuit interpolation
bulbs with an open shutter oscilloscope camers. The film moved past the
neon bulbs in such a manner that sach bulb appeared as & dashed line on
the film for the perfod the bulb was lit. A tims signal was also impressed
on the film every 0.1 sec by means of a neon bulb and a revolving shutter
driven by a synchronous motor. The length of the exposure was recorded
automatiocally on the film by another neom bulb which lighted at the start
and went out at tha end, by connections with the electropneumatic control

switches. A reproduction of one of the filme is shown on Pig. 2.

111, Method

The method employed to mnﬁro the aource activity is based on the
following theory. Consider a point source of &neutroxu/uo, having an
arbitrary enorgy distribution (above thermal energy). surrounded by an
0il bath large enough to absorb all the neutrons, It is known that most
of the absorption is dus to hydrogen nuclei in the oil, and that the
Hecapture cross section is very small above thermal energy. Then the
rate of production of fast neutrons must equal the rate at which they
are captured, or @ j(m)t 0, dV. where (uv), is the flux of thermal
neutrons at any point in the oil, J7 is the macroscopic cross section
for capture at thermal energy, and the integral is extsnded over the oil
voluwoe., Meagurements with a fission chamber detector give a counting

rate "Y" at any point in the oil which is proportiomal to (nv)t‘. provided
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correction is made for the epicadmium counting rate. In the case of
spherical symmstry. woG | Y R;" dR  In our case, since there is negligible
neutron absorption in the heavy water sphere, the “ntegral is taken from
R, to o© , where R is the sphere radius.

The ion chamber was fixed in a -iven radial poeition, an exposure
was made, and the resulting noutron counting rate recorded on the moving
film as a function of time "t" sfter the end of the exposure., When the
activity had decreased {v an acceptable value, the ion chamber was moved
to the next radial porition and another exposure made with the same sample
A single series usually comprised exposures in four to elght positions.

A complete experiment rsquired three complete series: {a) with heavy
water in the sphers, in which case both delayed and photoneutrons are
present; (b) with the sphere empty, sc that the activity is that due %o
delaysd neutrons alone (c) with the sphere empty and the fission chamber
surrounded by cadmium, in order to measure the delayed neutrons with epi-
cadmium snerpios. With heavy water in the sphere the number of epi~
cadmium neutrons wasz nmeyligible.

The counstancy of the pile power level and the detecting instruments .
was checked by repeating the initial exposure at the end of each experi-
ment. Instrument sensitivity alone was checked by means of & Ra.OC -Be
sgurce. Variations remained within one perocent, which simplified the

experiment by making it unnecessary to uss an Sxposure motiitor.
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Por sach exposure, a pict was made from the film deta ¢f thé
counting rete at the particular radial position as & function of ™t".
From the group of curves forming a series, other curves wer. constructed
of (counting rate x Rz) vs R. for successive fixed values of "t". Here,
R 1s the radial distance of the dstsctor {rom the source at the center of
the sphere. The source activity at any time is then proportional to the
area under the corresponding curve.

ixamples of thase (counting rate x RZ) vs R curves are "hown in Fig:
3. wnith heavy wator iu the sphere, the curves on a semi-log scale are
linear with a relaxation length (inverse slope) which is constant and
equal to approximately 1.25 inches. This indicates that the neutrons
have besn well thermalized before thay escape into the surrounding oil.
when ths sphere is ampty, the gemi-log plet of the neutron distributicn
shows s decided initial curvature due tu elowing down in the oil.

In gereral, the desired source activity due to photoneutrons alons,
at a time ”tg. is the difference batween the areas under the correspond-
ing distribution curves. with and without heavy water, after correction
for epicadmium activity. By computing a ﬁumber of points, & curve mmy
be drawn of source photoneutron activity as a function of time. Wo assme
that the data can bs recrasentad by a formula.of the forn (1;; whers Ap
is the photonsutron activity of the source as a function of time "t"

after the end of the exposure,

dple) = Say(2 - o~ )e A (1)
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T the exposure time, ‘T ; the mean 1ife, and ay the yield of the

1°th radioactive period for infinite exposuro tims. If the experimen-
tal curve is linear ¢n a somi-log plot at sufficiently large values of
“t", the longest half-life period can be determined. The half-lives

of shorter periods are svaluated by the well-known "peeling off" process.
A similar formula for Ad(t), the delayesd neutron activity, can be fitted
to tho volume integral curve from the data taken with the sphere empty.
By evaluation at t = &, T = o°, we can then express the ylelds a; of
each photonsutron period as fractions of the total calculated delayed
neutron yield Aj(t ~ e, T =02).

At small values of "“t” the phctonsutron activity of the sour(‘:ve

iz as little as one-tenth of the delayed neutron activity. That is, the
differonce of the aress under two curves of the type showm in Fig. 3.
with and without heavy water, is only 104 of either area. Thus an error
of } percent in elther area causes a 10% error in the result, and it is
desirable to obtain the maximum number of experimental points in order to
increase accuracy. At larger values of "t", however, the delayed neutron
activity becomes a small and finally vanishing fraction of that due to
the photoneutrons, wnich contain sevaral components of comparatively long
mean life. In this case, a sufficiently accurate value of the volume
integral of the counting rate with heavy water can be obtained from the
counting rate at a single radial position. as is clear from Fig. 3.
Since the slope ia approximately constant and known, a single point de-

termines the area under a curve, vhere "¢" must be extended to many
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hours, this procedure results in a considerable saving of time,

Bxperimsntal Results

(A) Periods and Uncorrected Yields

Fig-. 4 1s a plot of the photonsutron activity, measured at a single
radial position with 0,0 in the sphere, as a fimction of time. The
semple was 2.7 gm of roughly 604 25 exposed in the pile for 3.75 hours.
#ithin the interval 4 hours to 26 hours, the gross activity. Curve £1,
is woll represonted by three periods of half-life 58 hreo 4,87 hr., and
1,66 hr, The longest period may be oonsideradly in error because it was
followed over a range of only 2 in activity, and the astivity at the end
ws only a few times background. The other two periods wers followed over
a factor of 100, and should bda accurets. The relative ylelds were com-
puted by extrapolation of the individual terms to sero time and infinite
exposure.

Fig. 5 illustrates a 30 min exposure of a 0.7 ga sample, also
measured at a fixed radial position. Curve #l is she gross activity.
A formula representing the three previously determined photoneutron
periods was fitted to Curve gl at t = 6.5 hr. by the adjustment of a
constant multiplier. which allows for the different sample.size and pile
power level. Curve #2 is the result of subtracting from #£1 thené three
longer periods. It indicates a fourth period of 27.3 minutes half-life.
with signs of a still shorter period at t< 1 hr.

Fig. 6 illustrates & 5 min exposurs of & .7 gm sample. Curve n

is the orude data, vCurvo' #2 1is the result of subtraoting off the four
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previously determined periods by ~seuns of a formula adjusted to fit at
t = 129 min. A fifth period of ‘lmlr-nfo 7.7 min is demonstrated.

Thua far we have determined the yislds of 5 photoneutron periods
relative to each othsr. In the next experiment, the yields are related
to that of the delayed neutrons. Fig. 7 shows results of a 3 min ex-
posure with a 0.7 gm umple., from t = 3 min to 1 hour. In the first part
of this interval the delayed neutran activity ia not negligible. It was
measured in the following munner, A series of 7'exposures was made, with-
out DU in the sphere, varying the radial distance R of the detector from
the source and measuring with a mechanical recorder the number of counts
in the interval ¢ = 2,5 to t = 4,0 min. This time integral of the de-
ilyod neutrons was plotted as a (counting rate x Rz) vs R curve, the
area ¥ under the curve being proportional to the time and volume integral
of the delayed neutron activity of the source. A six term formula similar
to Eq. (1) was set up for Ay(t), using the constants for the dolayed
neutron periods as given in Table I, and integrated from t = 2.5 to 4.0
‘nin‘. Letting N = C}_SAd(t)dto the constant C) was determined for this
experiment . clkd(t) then represents the volume integrated delayed
.uoutron activity as a function of time.

Curve #l of Fig. 7 shows the gross source activity with D0 in the
sphere. This was actually computed from fho counting rate measured at
a single radial position, an approximation previously discussed. If we
subtract from this the delayed neutron activity clAd(t)., computed as above,
the result is Curve #2. representing photoneutrons alone. Curve #3 is the
result of subtracting off the 5 previously determined photonsutron periods.
fitting the formula at t = 53 min. A sixth period is indicated of hglr-

life 2,38 min.
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Since we ha.e a formuls representing the volume integrated activity
of the delsyed neutrons and one for 6 photonsutron periods, we can now
oxtrapolate to t = o and infinite exposure time and determins the photo-
neutron yields relative to the delayed neutrons. Table II lists these six
periods with their ylelds A relative to the yleld of the 22 sec delayed
nsutron period as 1,00,

In the next experiment, no short cute were permissible because of the
need for sccuracy. Fig. 8, Curve ), ahows the gross integrated activity.
with DoV in the sphere, resulting from a 30 sec exposure of a 0.15 gn en-
riched sample. Lach point on the curve represents an integral of (counting
rate) x R° vs R, taken from ourven of the type shown in Fig. S, Curve ;2
shows, for the sams exposurs, the volume intsgrated sctivity without D0,
due to deleayed neutrons alone. Curvs ;2 has been corrected for epi-cadmium
activity, which amounted to about 2%, Curve ¥3, Fig. 8, shows the total
photoneutron sotivity, Curve #1 minus #2. It is seen that the difforence
is only 10X of the total activity at t = 30 asc.

The delayed neutron formula was fitted to the experimental Curve 42,
and the saturated delayed neutron activity computed for this experiment.
From previous results, a formula oxpressing the photonsutron activity could
be set up for ths 2.4 min and langer periods. Subtracting these off from
Curve #3, the result was Curve #4, which represents a new period of half-
life 41 sec and yleld A = 0.090 {see Table II). There is evidence for a
still shorter period below t = S0 s0c., but in this experimesnt the counting

rate became 8o high in this region that the dats are not reliable.
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A series of 30 sez exposures was made with a 1.5 gm sample of un-
enriched uranium. Jurve ;l, Fig. 9, is the total integrated activity
with D0, Curve #2. that without, Curve 3 their difference. The de-
layed neutron formula, using the values in Table i, was fitted to Curve
#2 at t » 10 sec. It is of interest as a check on Table I that the formula
then sgreed with the experimental results to 1,4 or better from t » .5 sec
to t = 12 sec and with the time integrated activity from t = 30 to t = 50
sec.

A formula for the photcneutron activity due to the 7 praviously de-
termined periods was obtained by fitting it to the observed tine integrated
activity in the interval t = 30 to t » 50 sec. This was subtracied fron
Curve 373, ¥ig. 9, to yield the new period, Curve #4, of half-life 2.5 sec

and A = 0,225 (See Table II)-

(B) Eatimated Accuracy

The accuracy to be expected in cbtaining one of the areas urd or
curves of the type in Fig. 3 is about one percent, due to statistical
probsble errors alone. Since the short period photonsutron yiclds were
obtained as tho difference of two sreas, amounting to about 10 percent
of either, these yields are uncertain by at least 10 percent. Tna yields
of the longer periods, except for the §3 hr period, should be sonewhet
mores accurate.

If the heavy water was 99.87 percent pure, as stated by the ranu-

facturer., the absorption of neutrons in it would have been negligible.
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Siwce contamination mizht have beon introduced during the course of the
experiment, tho neutron absarption of the heavy water was tested in the
following manner: Am Sb-Be photomsutron source was placed at the center
of the sphere and the neutron distribution curves in the oil were obtain-
ed, with and without heavy water, 3Jince the y-rays from Sb are less

than 2,17 mev, they cannot creats any photoneutrons in the heavy water,
and the arsas under the (counting rate) x R°vs R curves should be equal
1»7‘ ;o cases. Actually the areas were found to be the same within about

2 peroent.

(C) Correctione to Kxperimental Yields

In Table II, Column A represents photoneutron yields (saturated
sctivities) for our sphere of heavy water relative to the 22 sec delayed
neutron period yield as 1.00. In order to correct these ylelds to the
oase of an infinitely large sphere of U,U and complete y-ray absorption,
1t i necessary to know the energy of the yerays, Conclusions about the
initial energy of the photoneutrons could not be made from the data of
this experiment. The largs amount of heavy water moderator slowed the
neutrons domn to such an extent that the shape of the distribution ourve
in the oil where the measurements wers taken was no lomzer a measure of the
initial neutron onergy. lence, we have tried to correlate our periods with
those reported by Hughes, Spast: and Cahn in CP+3472, April 25, 1946,
fable III shows this correlstion. Although the agreement in the half=

lives is only fair, it is sufficient to set up a correspondence bstween
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our periods and theirs. Accordingly. we have used their values for
the y-ray energies. In the case of the two longest periods, as shown
in Teble II, we have assumed entirsly arbitrarily an energy E.{ » 3 mev
for purpo-;es of computation.

In D,0 and for yY-ray enorgies between 2 and 5 mev the photoelectris
effect and pair production are negligible in comparison with the Compton
offect. If we sssume that overyvCompton scattering of & veray quantum
by sn electron reduces the quantum energy below the Y.In thresheld in

0200 the fraction of the quanta absorbed in a sphere of radlus R om,

-(/‘B * /uy)n

from a central point source, is Fy = ] = o where /', is the
linear "absorption” coorficiont/cn for Compton scattering and /“T is the
coefficient for the Y.n reaction in D,0. Por this experiment the ef-
fective thiokness of heavy water is 23.3 cm. /“‘ -0, x3.35 x
102!‘/0.8 for D0, where (7. the Compton scattering cross section/electron

varies from 1.27 x 10“‘5 cnz at 2.6 mev to 1,06 x 10‘25 at 3.5 mov.

/ = 6.7 x 10%% x Y/clsg where (J,, the v.n cross section/deuteron
varies from zero at 2.17 mev to about 14 x 10’28 c-z at 3.5 mav, In
able II are listed values of I/Pt the corroétion factor by which the
yields A must be multiplied to give the yields for en infinite sphere
of D0, for the assumed energies g

A small correction, GG = 1.06, is listed in the next columa of
Table II. This compensates for the y-ray absorption in the (060 inch

wall thickness of the pneumatic tube, the fized 0,125 inch thick Al tube
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through the center of the sphera, and in the 3/16 inch thick wall of the
bakelite rabbit.

Colum ﬂ in Table II gives un additional correction necessary be-
cause not every Compton scattering process reduces the energy of & y-ray
quantum below the y.n threshold, sv that the flux of y-rays of energy
above the threshold is everywhere highor than we would calculate using
the full Compton scattering cross ssction. /9k7t is then the ratiec
of the number of y.n neutrons produced in an infinite D>0 sphere to that
produced in s sphere of radlus 23.3 om, taking into account maltiple
scattering. The theory of this correctiong developed by Soodak and
Greuling, is given in Appendix A,

Columm Ac in Table II is A x.OC/éy?tg the corrected yield of photo-
noutrons in an infinite sphere of D,u, Columm A, is 100 Ac/4.54, the
percent yield relative to the total number of delayed neutrons (See

_Table I, total of Col. A). Columi A, is Z.43 x 000765 A /100, the
absolute yield of photoneutrons per fission, taking }/ (25) = 2.43 and

the delayed neutron yield from Table I.

(D) Gamma Rey Yields

We now computs the number of y-rays per fission necesuary to produce
the photoneutrons of each period, with-yioldi Ap in Table Il. Tho frac-
tion of the total y-ray quanta from a point source which are absorbed

in the v.n reaction in an infinite Dy0 aphere is

PR v
°® /‘l‘rr/\'?dnu___

PR S

o /‘Y .ﬂl
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provided each scattering proceas is assumed to reduce the energy be-
low the threshold, If we take into account the fact that some scattered
quanta still have snergy abova the threshcld, thes actusl photoneutron
production will be higher by a factor 5, which will be small near the
threshold and increass with the initial energy of the y«ray., In Table
II are listed, for each period, the values of 1/?Y and of E. The abe

sclute yield of yeray quanta per fission., Ay, will be

Ay = Ae/Fobi |

Disoussion of Results

(A) Summary
A summary of the results obtained is given in Table II. An sxplana-

tiom of the meaning of each column is given with the table. The re-

sults may bo summarised as follows:

(1) The photoneutron periods observed show halfelives from 2.5 seo to
53 hra.

(2) sighty-five percent of the photonsutrons appear in the shortest
half-lives of 2.5 sec and 30 sec, the 2.5 sec half«life component be-
ing three times as intenss as the 30 sec halfe~life.

(3) The total saturated activity of the photoneutrons for an infinite
amount of heavy water is about 164 of the saturated delayed nsutron

activity.
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(B) The BEffect 9? Possible Parent-Daughter Contributiona

It should be pointed out that in the analysis of the data as des-
cribed sbove it has been assumed that the hard gamma ray emitters are
initial fission fragments. The interprstation of the data is made some-
what urcertain because of the pmuibi,lity that the hard photon giving
the photonsutron may coms from & daughter of the initial fragment. In
such cases the data may yield the true period, but the amplitude deduced
by oxmpoltting the decay curve back to zero tims will be in error.

If the daughter has a very much longer life than its parent, the error
will not be large. If the two have comparable lifetimes the saturated
sctivities given may be a considerable overestimate. If both the parent
and daughter give hard gamma rays, both amplitudes will be in error, but
the sum of the two exponential terme will give a correct description of

the activity as a function of time.

(C) Number of Photons Per Fission

From the numbar of photoneutrons pes Tisslion, the number of photons
per fission was calculated from cons iderations of the relative proda~
bilitiee of Compton and v,n collisione. The results for each period are
ziven in the column AY of Table II. The sum of the values in this colum
is 2.8 photous per fission. For the sixth period listed, Hughes, Spaatz
and Cahn give two values for the y-ray energy, on® from photonsutron energy
measurements (2.25 mev) and ons from direot y-ray absorption measuremsnts
(2.4 mev). The Y.n cross section is changing very rapidly in this region,

s0 that the calculated number of photons per fission is very sensitive to
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which cf these two values is used. &ven if the value givi.»ag the lesser
‘awnger- of photons per {ission is used, the total number of photons per
fisgion adds up to 1.7. As a total, this number may not be unrosson-
able. However, tha 0.62 photons per fission given for the ﬂngle 2.5
soz period is much tco high to be dus to s single ifsotope. ‘l‘he same
sonclusion could bs made alsc for the 41 sec and the 2.1 min poriod\s\..'f'f‘, ’
since the highest fission yields chserved are about six perceat, ‘Thea:o,
cons .derations aug-est that there may be many f‘ilnion praoducts haviag
pericde of seversl seronda to seversl minutes, with y-rays above 2.2
mev. If close tugether, such periods could nat be resclved in thie
experiment.
If ths suggesticn that 25 may have many short period yerays is

true. and since these short periods have been shown to account for 90%
of the photoneutrons, than the resuits of this report might be ussd to
speculate about photoneutron yleld of 23, for which there are no obzerva-
tions available at the present time, by the following considerations:
The 2.5 sec and 41 sec psriods, which account for 907 of ths photo-
neutrons, give about 1 photon per fiseion. Since maximum fission f»;-odnct
yields are about 6%, there are adbout 17 fission chains cont?ib\x‘ti_nz the
hard v-rays in the case of 25 if we assums one photon per fission chain.
The effect of ome of thess is., then, at most 5 to 104 and the shilt ia »

the maximum of the fissicn product yield curve of a few mass number
units, in going from 25 ta 23, is not likely to have any considerabls
offect. The number of photoneutrons from 23 wmight, therefors, bn ex~

pacted to bs roughly the same as for 25, The number of delayed noutrons
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for 28 has bsen reported to be about one-third that for 25 (CP-3147).
Consequently, it seems that for 23 the mumber of photonsutrons may be

comparable to the number of delayed neutrons.

(D) Comparison witi. CP-3472

fhis work was done simultaneously with that of Hughes. Spaats and
Cahn at the Argonne Laboratory (CP=3472). Our results are compared with
theirs in Table IIl. The agreement between the periods is fair, ocon-
sidering the large number of delayed and photoneutron periods involved.
The main disagreemsnt in the periods is that our dsta showed a 4.4 hr
period not reported by them. It seems very probable that really sccurate
determination of the psriods, especially the shorter omes, would neces=
sitate chemical separation of individual fission products, or groups of
products, The greatest disagreement on yisld values lies in the region
where the measurements are made difficult because the photoneutrons
represent only a small pert of all the neutrons present. The 30 sec
period of CP-3472 is threes tirss as intense as our 41 sec period. The
sum of the values listed in Column A of Table 1I gzives the result that
the total saturated photoneutron activity is 16% of the saturated delay-

od neufron activity, CP-3472 gives 28% for this ratio.
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TABLE 1

Delayed Neutrons frem 26

T 1’; 3 A B

80,2 5.6 25 0,163 2,5 x 10
31.8 22,0 .66 1.00 16.6

6.50 4.51 43 1.28 21,3

2.19 1.52 62 1.45 24.1

0.62 0.43 42 0.51 8.5

0.072 0.06 0.16 2.5

-4

Totals 4.54 75.6 x '10

T = period; T’i = half life, E e energy in mev.
A = saturated yield relative to the yield of the 22 sec period as 1.00

B = absolute yield relative to the total number of neutrons emitted
per fiasion

Data fram CP-3094 (Hughes, Dabbs & Cahn 7-30-45) and
CF-340% (Hall, Dec. 1945).
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TABLE 11T

Comparison of Results, This Faper & CP-3472

This Paper Hughes, Spaatz & Calm

Ref, Moo || Ty Ao ’l’é A, By
1 55 b | 00074 24 n | 00032 -
2 437 h | .00232 . -
3 1.65h | 0168 2on | 009 2.62
s 213 m | 0149 32s | .ons 2.86
5 T.Tm | .0242 W 6.6m | .0710 $.0
6 2.4 m | 0504 90a | .0720 265
7 41s | .47 308 | .56 2.25
8 2.5 8 <469 6.7 s -655 3:4

T . half=life

Aa * corrected yield. infinite D0 abeorber, relative to the yield
of the 22 sec delayed neutron period as 1.00
EY = y-ray energy in mev
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APYENDIX A

Beutron Yield from Multiply Scattsred Compton FPhotons

B. Greuling

The neutron yield resulting from the photodisintegration of

deuterium in a sphere of heavy water cam be caloulated by making use

of the following simple assumptions:

(s)

(v)

(o)

Kvery Compton scattered photon of incident emergy grester than 2
mev suffers negligible change in direction. actually 4 mov photons
are sosttered by less than 30° 1f their resulting energy is above
the y.,n threshold, 2.2 mev.

The differential cross-section for soattering of photons of energy
£ into the emergy rangs § to 5 ¢ d§ ia independent of the lower
energy E, and is equal to

2 Trroz
0~ (8' —> B} =5 ——g— dB, 43 € s (1)
sl

Bere ry © .2/-,2. and B' and B are the incident and scattered pho-
ton energy in mo® wnits. The maximm deviation of the correct
Klein-Nishina formula from equation (1) is 3.5% whioh ogours for

" » 7 and B = 4.3

The total Compton oross-seation, as & function of y-ray snergys

B between 4.5 and 7 mo?, differs by less than z% from the approxi-

mate formula,

o~ (8) = 2Ty [:./(a £) + o.,oeoj
whers of = 6/¢. (2)
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Consider a point source of Y-rays of ensrgy 80 at the center of
a sphere of D,0. The number of photons per unit source strength cross-
ing a spherical surface at r that have suffered no collisions is e°/uor
whers /“o is the reciprocal mean f'ree path of photons of ensrgy E,-

Acoording to Bqu. (2)
/. 211’1'02 |} l:l/(q B) + ocoesﬂ + /“'r (8) (3)

whero N 1s the number of electrons per om’, and /“Y(ﬁ) is the v,n inverse
atsorption mean free path for photons of energy E. Bersafter /“Y(B) is
dropped from Equ. (3) because it at most amounts Lo only a 0.3% correc-
tion on M,

Lot F(r.8)d& be the number of photous of energy B to & + dE
that cross the spherical surface at r after having suffered at least one
collision. The balance between scattered photons entering and leaving

the cell of extension dEAr is, upon inserting Xqu. (1), given dy:

s 2
oF - 21’]‘,02, Sso 5 _dB . 2mr °N P
..a_;. + /B = . _;:2___ P(r.B) « = e/ o (4)
o )

If one defines a new wvariable,

2
s = /e /“o = .z_g&.f 1/ - 1/8,), (8)

and substitutes into equation (4) the form,
2
2Ty

_-.-;T- o./u"r P(roa)a (6)
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cns obtains the following integro-differential equation for y s
)
,QZ + ;y -lodg d:'f(r.l') . (7)
or o

Clsarly the assumption of forward soattering (a) requires P,
and therefore f , to vanish as r approaches sero., By taking the laplace

transform of equation (7) with respect to the varisble r, 1.0,

o
L (ooe) =‘£ ar ™ (...)s one obtains:

[
(s ¢+3)f (8s8) = )\/s OdS a'r (l.l'). (s)
°

#hore £ (s,z) = L?(l’o‘)o

Differentiating (8) with respeot to s ane obtaina 3/&3 [ln r(usﬂ
- (9 «1)/(e + 3), which bas the solutiomn £(s.8) = A(s.al )(s ¢ s) - l,
The constant of integration A(s,d ), 1is determined by mblﬁtuthg this

solution into £qu. (8), In thie mamner ons obtains:

f(s,z) = l-(d'. 1)(. + :)d- 1

(s)

*
To obtain f (ros) the inverse laplace transform of £(s.s) is required .

* gee"Collocted Papers of Oso. A. Campbell”, pp 443 and 520
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Pra) e tittaun) o 2, 1-qi 2 -ar) . (10)

o
Here 17; (a;b;x) = 2 [(as m) [(v)x" is the confluent hyper-
wo  [(a) [(b +n)en 3

geometric series or the so-called modified Kummer function.

The yield of y,n neutrons in a sphere of radius R is made up of two
parts. The fraction arising from the first collisions of the primary

photons is

r(1 -7, (11)

Hore I? is the fraotion of the primary photons that would be absorbed
in the v,n reaction upon first collision in an infinite sphere of

D20, /“T (go)//“c o and x s the sphere radius in units of the primary
photon mean free path; x = /4 R, The yield of second and higher col-
lisions is given by _gldl/“v(x) fondrl'(r.l) which becomes, upon intro-

duocing the expressions (6) and (10)

'T'D (12

o= B
b ° _ [(a<})(-B)
Waere D E)’(lo-aI)U(logilds(/“,(l)//",(lo)) g Foams 2™

Here B is an energy dependent funotion which is, ascording to the approx-

imation (3)0

8~ (/®) - M)/ (B B -1)/(1 s 0894 B, (13)
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and Pn(x) is the integrated Polisson ocollision distribution of constant
mean free path forward collisions; n = o corresponds to second coliisions,

n =1 to third, etc.

X “
n+.
P (x) - So axe*x® * 1/ s+ 1)1 w1 - o"g 2/ (1a)

the lower enorgy limit B, in (12) is the y,n threshold, 4.3 mol,

The Y.n yield from all collisions in an infinite sphere of 1,0 is the

sun of (11) and (12) for x = ©O namely, Fy.E where '
s o 3
E=1l¢ [0'“0-’?)/6;7 e, aE [, Y(E)//“Y(so) (1 +8) (15)

Begleoting all except first collisions, the ratio between the finite

sand infinite sphere yield is

Poal- o x (18)

Taking into account seocond and higher collisions, cne obtains the ratic
between the infinite and finite sphers yield by multiplying the first

collision yield ratio, 1/f: by a factor A7 where

,(9 - B/(1 » D/?y) (1}
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The qusntitiss D and E definad by equations (12) and (15) wers
obtained by mumerical integration over the ye-ray energies above the
¥.n threshold. Dropping terms boyond n = 2 in the series appearing

in Bqu. (12) introduced an error in D of less than 0.2%.
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